The influence of the modes of electrodeposition on the morphology, topography, and structure of the galvanic alloys of iron with molybdenum and tungsten is discussed. It is shown that the increase in the corrosion resistance of Fe-Mo and Fe-Mo-W coatings in acid and neutral chloride-containing media is caused both by the elevation of their passivating ability caused by the process of alloying components and by the formation of globular surfaces with homogeneous chemical composition. The microhardnesses of Fe-Mo and Fe-Mo-W galvanic alloys prove to be 2-3 times higher than the microhardnesses of the substrates made of low-alloy steel, which can be explained by the formation of amorphous structures. The results of investigations and tribological tests show that it is reasonable to apply the coatings of double and triple iron alloys in order to reduce wear in friction couples and to increase the corrosion resistance and mechanical strength of the surfaces, which makes them promising for the repair and restoration technologies.
For the efficient functioning of various branches of industry, it is necessary to have a contemporary repair base guaranteeing a high level of reliability of the equipment and the minimum possible duration of technical maintenance with high quality of the performed works, which requires the improvement of the available methods and the development of novel procedures aimed at recovery and surface hardening of machine parts and mechanisms. At present, the technologies of repair of worn-out surfaces by their galvanochemical renewal attained by applying the coatings of hard chromium, iron, nickel, copper, zinc, etc. are used fairly extensively [1, 2] . Among these technologies, the electrolytic iron plating proves to be most promising [3] . A special place in the collection of thin-layer materials of the indicated destination is occupied by iron-based composites and electrolytic alloys considered in [4] [5] [6] .
The disadvantages of iron plating, including the low adhesion, significant hydrogen brittleness, and insufficient hardness of materials, can be compensated by alloying with molybdenum and tungsten which increase both the corrosion resistance of thin-film materials to the most dangerous types of local corrosion, such as pitting corrosion, crevice corrosion, etc., and their microhardness. The indicated engineering parameters guarantee the increase in the service life of worn-out surfaces and the reliability of products made of steels and cast iron as a whole. However, the problem of control over the composition of galvanic alloys of iron with molybdenum and tungsten and, hence, over their properties requires subsequent investigations. Thus, the determination of influence of the modes of electrolysis on the composition, structure, and hence, corrosion resistance and mechanical properties of the coatings formed by binary and ternary alloys of iron is an urgent problem. The present work is devoted to the solution of this problem.
Experimental Part
Coatings of iron-molybdenum and iron-molybdenum-tungsten alloys were deposited from the developed citrate electrolytes based on ferrum (ІІІ) [7, 8] onto preliminarily prepared specimens of St20 steel in the galvanostatic mode and by using an unipolar impulsive current (with an amplitude of 3.5-6.0 A/dm 2 , duration of pulses t on = 5 ⋅10 −3 -1⋅10 −2 sec and pauses t off = 1⋅10 −2 -2 ⋅10 −2 sec) within the temperature range 20-25°C [9, 10] .
As anodes, we used plates of 12Kh18N10T stainless steel with the ratios of the cathode area to the anode areas varying within the range 1:3-1:5.
The morphology of the surfaces of electrolytic alloys was analyzed with the help of a ZEISS EVO 40XVP scanning electron microscope. The images were obtained by recording secondary electrons obtained by scanning with electron beams. This enabled us to study the topography with high resolving power and high level of contrast with a magnification of × 100-5000.
The chemical compositions of Fe-Mo and Fe-Mo-W coatings were determined by the X-ray fluorescent method with the use of a portable SPRUT spectrometer with a relative standard deviation of 10 − 3 -10 −2 .
The analyses were performed at (minimum) three points with subsequent averaging of the obtained values.
The error of determination of the contents of components was ± 1 wt.%. The results of X-ray fluorescent analysis were verified by recording the characteristic X-ray spectrum obtained with the help of an INCA Energy-350 energy-dispersion spectrometer. The excitation of X-ray emission was realized by treating the specimens with 15 keV electron beams. The phase composition of the electrochemical coatings was determined by the method of structural analysis with the use of a DRON-2.0 X-ray diffractometer in the radiation of the iron anode. The diffractograms were recorded in the discrete mode with intervals of 0.1° in the course of holding at each point for 15-20 sec. In our studies, we used the specimens held for 24 h in air after the formation of coatings. The roughness of the surfaces of coatings applied to a steel substrate preliminarily polished with the use of a GOI paste was evaluated by the contact method with the help of an ASM NT-206 scanning probe microscope (CSC-37 probe, V cantilever, and a lateral resolving power of 3 nm). The specimen surfaces were scanned in (at least) three different regions for the identification of the accumulated results [11] .
The physicomechanical properties of electrolytic alloys were studied with the use of an PMT-3 microhardness meter under loads of 50 and 100 g and a NEOPHOT-21 metallographic microscope (with a magnification of × 100-500). For the evaluation of microhardness, we deposited coatings with a thickness of 30 ± 3 µm.
The corrosion resistance of galvanic coatings with a thickness of 6 ± 0.5 µm was tested under the conditions of holding of the specimens in solutions with various degrees of aggressiveness and natural aeration (in a 3% solution of sodium chloride and in 1 mole/dm 3 of sodium sulfate with an addition of sulfuric acid up to pH 3 or of potassium hydroxide up to pH 10). The corrosion rates of the steel substrate and Fe-Mo (Fe-Mo-W) coatings were measured by the method of polarization resistance [12] according to the results of analysis of the voltage-current characteristics obtained with the help of a PI-50-1.1 potentiostat equipped with a PR-8 programmer for a sweep rate of the potential of 2 mV/sec. In our experiments, we used an EVL-1M1 silver-chloride semielement as a reference electrode. It was connected with a cell through a salt bridge filled with a solution of potassium chloride solidified with agar-agar. In what follows, all potentials are presented relative to the normal hydrogen electrode. The obtained parameters were compared with the results of gravimetry. Moreover, the monitoring of the surfaces and masses of specimens was performed after 10, 20, 40, and 60 days. The corrosive medium was renewed during the control weighting of specimens. Prior to weighting, the corrosion products were removed by etching in an inhibited 10% HCl solution for 1 min. The masses of specimens were measured in an analytic balance with an error of 1⋅10 − 4 g. The depth parameter of corrosion k h (mm/yr) is given by the formula
where m 0 and m t are the masses of the specimen prior to tests and after holding in a model medium and removal of corrosion products, respectively, g, ρ is the density of the alloy, g⋅ cm −3 , S is the specimen surface, cm 2 , and t is the duration of the tests, yr. 
Results and Discussion
As shown in [13] , the topography of the surfaces of electrolytic alloys of molybdenum and tungsten depends not only on the composition of coatings but also on the mode of deposition. Moreover, to a significant extent, it determines the corrosion and physicomechanical properties of thin-film materials. The binary and ternary galvanic alloys of iron with refractory metals are not an exclusion. The studies of the topography and roughness of the surfaces of alloys by the method of atomic force microscopy (AFM) agree with the results obtained by the scanning electron microscopy (SEM) and reveal the difference between the topographies and grain sizes of the coatings formed by direct currents (Fig. 1 ) from the coatings deposited by using unipolar impulsive currents (Fig. 2) . This can be explained both by the specific features of electrocrystallization under nonstationary conditions and by the redistribution of the rates of partial electrochemical and chemical reactions of formation of the alloy [14] . As indicated in [15] , the process of formation of alloys includes the stages of chemical transformations whose rates are expectedly less than the rates of electrochemical transformations. As a result, the pauses between current pulses lead to a more complete realization just of the chemical stages and the phenomena of adsorption-desorption connected in the general scheme of reactions. As a final result, this guarantees the formation of a more uniform surface enriched with the refractory component. The Fe-Mo binary coatings deposited in the galvanostatic mode are characterized by the presence of sharp asperities and depressions, as well as by a noticeable inhomogeneity of composition in different parts of the topography (Fig. 1a) . In the impulsive mode, we observe the homogenization of the composition of the surface and, hence, of the grain sizes of (Fig. 2a) . The Fe-Mo-W ternary coatings formed by direct currents have fine-crystalline structures formed by numerous acute grains with an average size of 70-100 nm (Fig. 1b) . In the impulsive mode, as for binary coatings, we observe the formation of a smoothed more globular surface with agglomerates of spherical grains 0.2-0.4 µm in size (Fig. 2b) .
The binary coatings formed by a unipolar impulsive current are characterized by a higher surface roughness and a larger spread of grain sizes over the cross section (Fig. 2a) as compared with the ternary galvanic alloys (Fig. 2b) . In addition, the surface topography of the Fe-Mo coating is characterized by the presence of quite sharp asperities and depressions, whereas the Fe-Mo-W crystallites are close in size and approach spheroids in their shape. Since the asperities on the coating surface are enriched with tungsten, it is possible to conclude that tungsten favors the process of leveling of the topography, as it was observed for the other alloys of this metal [16] .
Thus, the established regularities of formation of the surface topography of coatings by alloys of iron with molybdenum and tungsten form a basis for the controlled improvement of their corrosion resistance and the microhardness of coatings as compared with the material of the substrate.
The X-ray diffractograms of the Fe-Mo (Fig. 3a) and Fe-Mo-W (Fig. 3b) coatings with a content of up to 40 wt.% Mo (recalculated to the metal) in the binary alloy and up to 25 wt.% Mo and 18 wt.% W in the ternary alloy are identical. They reveal only a system of diffraction lines of α-Fe and a fairly broad halo (the width on a half-height level is ∼ 10°) at the angle 2θ ∼ 57°, which reveals the presence of amorphous structure, as observed earlier for the galvanic alloys of tungsten with cobalt and nickel [17] .
The analysis of the surface of coatings allows us to conclude that the number of micropores in the coating formed by the unipolar impulsive current is much lower than in the coating formed by the direct current. This enables us to believe that the coatings created under nonstationary conditions have higher characteristics of chem- ical resistance in corrosive media and improved physicomechanical properties as compared with the alloys deposited in the galvanostatic mode. Hence, the use of impulsive electrolysis makes it possible to get more uniform binary and ternary coatings with lower porosity, which would exert a predicted effect on the parameters of corrosion resistance and microhardness.
The morphology of the surface of coatings made of the ternary Fe-Mo-W alloy (Figs. 1b and 2b ) strongly differs from the surface topography of the binary Fe-Mo alloy deposited on the same materials (Figs. 1a  and 2a) . Unlike the binary alloy, the Fe-Mo-W coatings deposited by direct currents have a more uniform homogenized surface with insignificant number of micropores due to the hydrogen release. The use of impulsive currents promotes the creation of grain agglomerates covering the entire surface. This is explained by the inclusion of tungsten in the composition of the alloy due to the attainment of elevated current densities on the asperities of the coating and confirmed by the results of analysis of the chemical composition (Fig. 1) . Thus, the analysis of the morphology and topography of the surfaces of Fe-Mo and Fe-Mo-W coatings on the steel substrate enables us to make the following conclusions:
First, the alloy deposited in the impulsive mode is more homogeneous, which has a positive effect on its thermodynamic stability and leads to an increase in chemical resistance. 
Second, the electrode reaction of reduction of the refractory components (Mo, W) is running through the intermediate stage of oxide formation and, therefore, becomes more intense with a higher yield of the required product as compared with the electrolysis under stationary conditions.
The observed distinctions in the composition, morphology, and surface topography of the coatings formed by the alloys of iron with molybdenum and tungsten have predictable influence on their corrosion behavior in solutions with various degrees of aggressiveness.
The analysis of the corrosion resistance of the coatings formed by the multicomponent Fe-Mo and Fe-Mo-W alloys shows that the corrosion process in acid media runs mainly with hydrogen depolarization, whereas in neutral and alkaline media, it runs with oxygen depolarization. As follows from the polarization curves, the corrosion potentials of the coatings in acid media (Fig. 4) are shifted to the positive side relative to the potential of the substrate, which reveals the anodic control of the corrosion process. The corrosion rate decreases as a result of the increase in the susceptibility to passivation in the presence of alloying admixtures and of the formation of dense films of acid oxides of refractory metals exerting the protective action and inhibiting the fracture processes. In this case, the corrosion resistance of the Fe-Mo binary alloy is somewhat higher as compared with the ternary alloy, which is explained by a more perfect surface of the former.
In neutral chloride-containing media, the potentials of the coatings E corr shift to the negative side relative to the substrate, which reveals the cathodic control of the corrosion process. As the cause of deceleration of the cathodic reaction, we can mention the change in the nature of depolarizer, the complication of the transport of oxygen due to the formation of the films of oxides not only of the alloying components but also of iron, and the stability of molybdenum oxides even in the presence of ions-depassivators (Cl − ). The difference between the values of potentials and corrosion currents for the binary and ternary galvanic alloys (see Table 1 ) can be explained by their different morphologies and surface topographies. The polarization dependences of the coatings in alkaline media (Fig. 4c) have similar geometries and the same direction of shift of the corrosion potential as in neutral chloride-containing media. This reveals the cathodic character of control of the corrosion process running with oxygen depolarization. The cathodic reaction decelerates due to the formation of insoluble iron hydroxides on the surface of alloys, which complicates the access of oxygen. However, the corrosion resistance in alkaline media is much lower than in neutral media because we observe the process of chemical dissolution of the acid oxides of the alloying components. (5) modes. The thickness of the coating is equal to 30 µm.
The corrosion resistance of coatings obtained by the impulsive electrolysis (see Table 1 ) turns out to be predictably higher than for the coatings formed by applying the direct current. The results of testing of the coatings for their corrosion resistance by the polarization method are verified by the results of full-scale gravimetric corrosion tests. The depth parameters of corrosion k h of the Fe-Mo and Fe-Mo-W coatings (Fig. 5) demonstrate that, in the case of variation of the contents of alloying components (recalculated to the metal) up to 40 wt.% Mo in the binary alloy and up to 25 wt.% W with the total content of refractory components of up to 58 wt.% in the ternary alloy, the coatings can be attributed to the category of "quite stable" and can be recommended as protective coatings for low-alloy steels operating in corrosive media.
For the electrolytic coatings based on iron, the quality-determining factors are the strength of adhesion with the substrate material and microhardness. Just these parameters determine the ranges of applicability of the electrolytic alloys based on iron. In analyzing the adhesive strength of the coatings, it was established that the formed coatings are uniform over the entire surface, have high adhesion to the base metal, and are stable in the process of polishing, under bending by an angle of 90°, in the course of preparation of cross cuts, and for the other kinds of mechanical treatment. The thermal treatment at 200°C does not affect the degree of adhesion and does not lead to the cracking of coatings.
The microhardness of the Fe-Mo and Fe-Mo-W electrolytic alloys is 2-3 times higher than the microhardness of the steel substrate (Fig. 6) , which is explained by the specific features of their morphology and topography. The multicomponent coatings deposited in the impulsive mode have higher microhardness due to larger amounts of alloying components, more perfect surface topography, and smaller amount of the adsorbed impurities. The microhardness of the Fe-Mo-W ternary alloys clearly exceeds the microhardness of the Fe-Mo binary alloys independently of the mode of electrolysis just due to the presence of tungsten in the composition of alloys. Hence, the analysis of the accumulated results enables us to recommend the multicomponent coatings by alloys of iron with molybdenum and tungsten for the hardening of the surfaces of low-alloy steels. This would enable one to significantly improve their characteristics under the operating conditions.
CONCLUSIONS
It is proved that the topography and morphology of the surfaces of Fe-Mo and Fe-Mo-W electrolytic coatings depend on the mode of deposition. Moreover, the application of impulsive current promotes the appearance of a globular more uniform surface of the coating formed by agglomerates of spherical grains 0.2-0.4 µm in size. The galvanic alloys of iron with molybdenum and tungsten have amorphous structures independently of the mode of deposition, which is explained by the high contents of alloying components and can be regarded as a preliminary condition for the improvement of physicomechanical and anticorrosion properties of the alloys. The corrosion resistance of Fe-Mo and Fe-Mo-W coatings in model solutions with various acidities significantly exceeds the characteristics of the basic metal, which is caused by an increase in the susceptibility to passivation, by the formation of protective oxide films with participation of the alloying components (molybdenum and tungsten), and by the formation of more uniform and more perfect structures of the coating. According to the depth parameter of corrosion, the analyzed coatings belong to the category of "quite stable." It is shown that the multicomponent galvanic iron-based coatings have a high adhesion to the material of the substrate and better physicomechanical properties. Moreover, their microhardness is 2-3 times higher than the microhardness of the substrate made of low-alloy steel.
